In 1935, Einstein, Podolsky and Rosen (EPR) questioned the completeness of quantum mechanics by devising a quantum state of two massive particles with maximally correlated space and momentum coordinates. The EPR criterion qualifies such continuous-variable entangled states, as shown successfully with light fields. Here, we report on the production of massive particles which meet the EPR criterion for continuous phase/amplitude variables. The created quantum state of ultracold atoms shows an EPR parameter of 0.18(3), which is 2.4 standard deviations below the threshold of 1/4. Our state presents a resource for tests of quantum nonlocality with massive particles and a wide variety of applications in the field of continuous-variable quantum information and metrology.
INTRODUCTION
In their original proposal, 1 Einstein, Podolsky and Rosen consider a state with perfect correlations. They assume two particles interact until a time t 0 . After t 0 they separate with opposing momenta p A and p B until they are located at perfectly correlated positions x A and x B = x A + x 0 . A sketch of the situation is shown in Fig. 1 . The wave function of the system for any time t > t 0 can then be written as
i(x A −x B +x0)p dp.
This state is an example for an inseparable state. One can now rewrite this state as a superposition of the eigenfunctions of the momentum operatorsp A/B = (−i ∂/∂ x A/B ) as Ψ(x A , x B ) = ∞ −∞ e −i(x B −x0)p e ix A p dp,
such that it becomes directly apparent, that a measurement ofp A with outcome p A = p would immediately determine the outcome of a measurement ofp B as p B = −p. i(x −x B +x0)p δ(x A − x ) dp dx ,
therefore a measurement ofx A with outcome x A = x predetermines the outcome of a subsequent measurement ofx B to be x B = x + x 0 .
EPR now argued, that the measurement outcomes are governed by what they call a "physical reality" and the measurement on system A does not disturb system B in any way. If one now assumes EPR's understanding of reality, which is nowadays known as local realism, the measurement outcome has to have been predetermined by associated elements of reality µ x/p B , before the two sub-systems A and B stopped interacting due to their spatial separation.
The elements of reality µ x/p B act here as hidden variables, that are predetermined but not accessible until the measurement ofx A orp A is performed. Since it is not known beforehand which measurement (position or momentum) will be performed, both µ x B and µ p B have to predetermine the respective measurement outcomes with absolute certainty. This is contrary to quantum mechanics sincex B andp B are non-commuting variables and thus obey the Heisenberg uncertainty relation. Therefore if one assumes the infallibility of local realism, the conclusion must be that quantum mechanics is not complete.
Bohr replied to EPR's paper within two month, arguing that the concepts of a physical reality that is assigned to the systems and that of local realism, while interesting from a philosophical point of view, do not challenge quantum mechanics. 2 Schrödinger's reply involved the formulation of the idea of entangled and separable states as well as his famous gedankenexperiment now known as Schrödinger's cat. While EPR argue, that the description of the wave function is not complete, they suggest, that it might be possible to formulate a complete description. In the 1970's Bell 4 as well as Clauser et al. 5 showed that such a local hidden variable theory can not coincide with quantum mechanics. They provide inequalities, known as Bell's and CHSH inequalities, whose violation would indicate a failure of EPR's local realism.
Experimental approaches to show such a violation are called Bell tests and have been performed in various settings. The first reported violation was measured utilizing the correlations between the polarizations of photons, that were emitted by an atomic cascade of calcium. 6 An atomic Bell test was first realized with two Be + ions in a linear Paul trap.
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All experimental realizations up to now suffer from loopholes, either that of locality, meaning the insufficient spatial separation between the two parties, or that of limited detection efficiency. The locality loophole can only be closed, if a classical interaction between the two parties during the detection process is impossible. This is the case if x 0 > ct det , where x 0 is the spatial separation and t det is the time needed for the detection process. These loopholes could allow for the existence of a highly artificial local hidden variable theory. For a detailed discussion of the current state of research on Bell nonlocality, please refer to Ref. 8 .
The first realization of continuous-variable entanglement, satisfying the EPR criterion was achieved in 1992 in a photonic system generated by optical parametric down-conversion. 9 Since then, EPR entanglement has been shown in different setups, including systems were position and momentum of two photonic beams are measured.
10, 11 With ∆
, where 1/4 is the threshold for EPR entanglement, this experiment achieved the highest degree of entanglement yet. While several experiments have shown inseparability in accordance to
12, 13 EPR entanglement with massive particles has not been shown up to now.
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EPR entanglement is not just interesting from a fundamental point of view. The strong correlations the states exhibit are also interesting for various applications. EPR correlations can be used for quantum key distribution schemes as described in Ref. 17 , where the strong correlations enable secure distribution. Another application are quantum teleportation and entanglement swapping, which was first proposed with EPR correlated states.
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Using a protocol that includes EPR correlations as well as classical communication the receiver can produce an exact replica of the senders state. The loopholes that are relevant in Bell tests, would also be of interest here, since they could be exploited by a third party if these states were used for quantum cryptography.
Inferred Heisenberg Inequalities
The setting that is described by EPR requires perfect correlations and anti-correlations between two particles, which is not realizable in practice. Therefore, the EPR argument has to be extended to include realistic experiments. This is achieved by replacing the perfect pairwise correlations by stochastic probability distributions, meaning that a measurement on subsystem A does not allow a prediction of the outcome at subsystem B with absolute certainty. The argument that is now introduced follows Reid et al.
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Againx A/B andp A/B are two non-commuting observables in the systems A and B. While the measurement outcome x B does not allow for a certain prediction of the measurement result at A, it can still be used to make an estimate x est (x B ) of the result x A . This estimate will have an error, that can be expressed as the deviation of the estimator x est (x B ) from the actual result x A as
P (x|x B ) is the conditional distribution that describes the probability to obtain the measurement result x in system A if x B was previously measured in system B. The best estimate for x A is therefore the mean of P (x|x B ) and the error of the estimate becomes the variance ∆ 2 (x|x B ) of P (x|x B ). The situation is depicted in Fig. 2 .
Therefore, the minimal inference error ∆ 2 inf x averaged over all possible measurement outcomes x B for the measurementx B , with probability P (x B ) is
An analogous definition for the inferred minimal variance V p A/B for the second pair of observablesp A/B can be obtained.
Now the argument of local reality has to be generalized to the case of probability distributions instead of perfect correlations. For the local reality argument to hold true, there still need to be elements of reality µ . Two dimensional probability distribution P (xA|xB). The probability of a measurementxB yielding the outcome xB is P (xB), which is the accumulated probability over the here horizontal direction. The conditional probability to measure xA after xB was measured is given by P (x|xB), as marked with dashed lines. The best estimate xest(xB) for xA is now the mean of this distribution and the error is defined via the distance of the actual measurement xA.
certainty, but the predicted values are now given by probability distributions P (x|µ = dµ
where P (µ
is the probability for the occurrence of the element µ x A . If one now assumes that the state that is described by a particular set of elements µ x/p A has an equivalent quantum mechanical description, the probabilities associated with this state have to obey the typical relations in quantum mechanics. Therefore, if
Due to Eq. (6) and the Cauchy-Schwarz inequality
would therefore show a violation of local realism and thus show EPR correlations of the state.
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Another interesting criterion, which is also a sufficient condition for EPR correlations, is V 
which is necessary and sufficient to characterize bipartite Gaussian states. 
EPR Variables for the Two-Mode Squeezed State
To find EPR correlations for the two-mode squeezed state, new observables have to be introduced. These are equivalent to the position and momentum from the original proposal as indicated in Fig. 1 .
are the orthogonal phase and amplitude quadratures of the system withâ A/B being the annihilation operators for the two modes. ∆ 
wherex A/B (0) andp A/B (0) are the initial amplitudes at t = 0. For times t → ∞, the squeezing parameter ξ goes to infinity andx A →x B andp A → −p B . This implies perfect correlations as in the original EPR paradox for infinitely large times t.
The time evolution ofx A/B (t) is depicted in Fig. 3 for different initial values ofx A/B (0) in solid gray. The time evolution of any given state can be estimated along those lines, while the dashed gray line corresponds to the extremum of ξ → ∞. For the case ofp A/B (t) the graph would be mirrored along the horizontal axis.
Starting with the pure vacuum state |0, 0 , the variance of an operatorô can be determined via
The variances of the sum and difference of the quadratures are therefore squeezed and anti-squeezed with
This implies EPR correlations according to V 
RESULTS
Here we report on the creation of an entangled state from a spinor Bose-Einstein condensate (BEC) which meets the EPR criterion. We exploit spin-changing collisions to generate a two-mode squeezed vacuum state in close analogy to optical parametric down-conversion. The phase and amplitude quadratures are accessed by atomic homodyning. Their correlations yield an EPR entanglement parameter of 0.18(3), which is 2.4 standard deviations below the threshold 1/4 of the EPR criterion. Finally, we deduce the density matrix of the underlying many-particle state from a Maximum Likelihood reconstruction.
Two-Mode Squeezed Vacuum
In our experiments, a BEC with 2 × 10 4 87 Rb atoms in the Zeeman level (F, m F ) = (1, 0) generates atom pairs in the levels (1, ±1) due to spin-changing collisions (see Fig. 1b) , ideally yielding the two-mode squeezed state
where ξ = Ωt is the squeezing parameter, which depends on the spin dynamics rate Ω = 2π × 5.1 Hz and the spin dynamics duration t = 26 ms. The notation |n, m represents a two-mode Fock state in the two Zeeman levels (1, ±1). The generated two-mode squeezed state can be characterized by the quadratures x A/B = (2) ≈ 0.35 which corresponds to a spin dynamics duration of more than 11 ms. In the limit of large squeezing, our setup presents an exact realization of the perfect correlations with massive particles envisioned by EPR.
Quadratures and the EPR Criterion
The quadratures in the two modes are simultaneously detected in our experiments by unbalanced homodyne detection. Atomic homodyne detection was first demonstrated in Ref. 14, and later applied to discriminate between vacuum and few-atom states in a quantum Zeno scenario. 24 A small radio-frequency pulse couples 15% of the BEC in the level (1, 0) (the local oscillator) symmetrically to the two modes (1, ±1). The local oscillator phase is represented by the BEC phase relative to the phase sum of the two ensembles in (1, ±1) . It can be varied in our experiments by shifting the energy of the level (1, −1) for an adjustable time. From the measured number of atoms in both levels, we obtain a linear combination of the quadratures according to Figure 4a shows two-dimensional histograms of these measurements for θ = (8), which is 15 standard deviations below the classical limit of 2 (see Fig. 4d ), and meets the criterion for a symmetric ("two-way") steering between the systems. 25 We estimate that the product value could be reduced to V + x × V − p = 0.13(3) if the radio frequency intensity noise was eliminated by stabilization or postcorrection. The experimental creation of entangled massive particles which satisfy the continuous-variable EPR criterion presents the main result of this publication. Figure 5 shows the squeezing dynamics due to the spin-changing collisions. For these measurements, we fix the local oscillator phase to the values θ ≈ 3π/4 and θ ≈ 5π/4 to record only the x-and p-variances. As a function of the evolution time, the variances V (Fig. 5a and b) . From these data, we extract the EPR parameter V − x × V + p , as a function of evolution time (see Fig. 5c ). The EPR parameter is quickly pushed below 1 and follows the prediction for an ideal squeezed state. It eventually reaches a minimum at the optimal squeezing time of 26 ms, as used for the data in Fig. 4 . The data is well reproduced by a simple noise model, which includes a radio-frequency intensity noise of 0.4% and a local oscillator phase noise of 0.044π.
Squeezing Dynamics

Full State Reconstruction
The total of 2864 homodyne measurements obtained for different local oscillator phases at the optimal evolution time allow for a full reconstruction of the underlying many-particle state. Previously, tomography of an atomic state was demonstrated either by reconstruction of the Wigner function 26 or the Husimi Q-distribution.
27, 28
However, both methods yield a characterization of the state's projection on the fully symmetric subspace only. The well-developed methods in quantum optics 29 allowed for a full reconstruction of an optical two-mode squeezed state by homodyne tomography. 30, 31 Despite the beautiful tomography data, the optical state reconstruction assumed either Gaussian states or averaged over all phase relations, such that the coherence properties could not be resolved.
In contrast, we obtain an unbiased, positive semidefinite density matrix by Maximum Likelihood reconstruction 29, 32 of the experimental data, free of any a-priori hypothesis. This represents the second major result of this publication. The recorded data for each local oscillator phase are binned in two-dimensional histograms (see Fig. 4a ) presenting the marginal distributions for the x A/B and p A/B variables. The reconstructed state is the one which optimally reproduces the measured histograms by a superposition of harmonic oscillator wave functions. 29 The coefficients of this superposition are estimates of the density matrix elements of the underlying quantum state. Figure 6 shows the result of the reconstruction. The diagonal matrix elements (Fig. 6a) witness the predominant creation of atom pairs. The two-particle twin Fock state |1, 1 shows the strongest contribution besides the vacuum state. Likewise, the twin Fock states |2, 2 to |4, 4 have the strongest contribution for a given total number of particles. The strong nonclassicality of the reconstructed state becomes also apparent in the distributions of the difference and the sum of the particles (Fig. 6b and c) . The distribution of the number difference is strongly peaked at zero and is much narrower than a Poissonian distribution with the same number of particles. The distribution of the total number of atoms shows an indication of the characteristic even/odd oscillations, which is caused by the pair production in the underlying spin dynamics.
DISCUSSION
For an evaluation of the created state, we have extracted a logarithmic negativity of 1.43 ± 0.06 from the reconstructed density matrix. This value is above the threshold of zero for separable states and signals nonseparability of the reconstructed state. The quantum Fisher information 33 F Q for the state projected on fixed-N subspaces reveals that F Q /n = 1.5 ± 0.1, wheren is the average number of particles. Since F Q /n > 1 the state is a resource for quantum enhanced metrology. 33 Furthermore, we fit an ideal two-mode squeezed state with variable squeezing parameter ξ to the reconstructed two-mode density matrix with maximal fidelity. With a fidelity of 78.4%, the experimentally created state matches a two-mode squeezed state with a squeezing parameter of ξ fit = 0.63. The fidelity increases to 90% if we include local oscillator phase noise and statistical noise. The unwanted contributions in the density matrix, including the off-diagonal terms in Fig. 6a , can be well explained by four effects. Firstly, the purity of the reconstructed state is limited by the finite number of homodyne measurements. Secondly, small drifts in the microwave intensity of the dressing field (on the order of 0.1 %), which shifts the level (1, −1), result in a small drift of the local oscillator phase. Thirdly, a small drift of the radio-frequency coupling strength during homodyning virtually increases the variance in the (x A + x B ) and the (p A + p B ) directions. Finally, we did not correct for the detection noise of our absorption imaging.
Our experimental realization of the EPR criterion demonstrates a strong form of entanglement intrinsically connected to the notion of local realism. In the future, the presented atomic two-mode squeezed state allows to demonstrate the continuous-variable EPR paradox with massive particles. Since the two modes A and B are Zeeman levels with an opposite magnetic moment, the modes can be easily separated with an inhomogenous magnetic field to ensure a spatial separation. The nonlocal EPR measurement could then be realized by homodyning with two spatially separated local oscillators. These can be provided by splitting the remaining BEC into the levels (2, ±1) which have the same magnetic moment as the two EPR modes. Furthermore, this setup can be complemented by a precise atom number detection to demonstrate a violation of a Clauser-Horne-ShimonyHolt-type inequality. Such a measurement presents a test of local realism with continuous-variable entangled states. In this context, neutral atoms provide the exciting possibility to investigate the influence of increasingly large particle numbers and possible effects of gravity.
